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ABSTRACT: Supertough biomimetic hydrogels have been fabricated through in 
situ synthesis and guided assembling of positively charged conjugated polymer belts 
by using a parent poly(2-acrylamido-2-methylpropanesulfonic acid)/poly- 
(acrylamide) double network (PAMPS/PAAm DN) gel template. The inter- 
penetrating structures of the poly(3,4-ethylenedioxythiophene) (PEDOT) belt 
mesh and PAMPS/PAAm host network have been confirmed by SEM, CLSM, and 
Raman spectroscopy. The presence of PEDOT belts improves the Young’s modulus, 
compressive strength, and toughness of the biomimetic (BM) hydrogels, in 
comparison to the parent DN gels. Cyclic tensile (300% strain) and compressive 
(even 90% strain) loadings demonstrate extraordinary fatigue resistance of these BM 
gels. Upon ten cycles, the compressive toughness remained about 1000 J m”, which 
is comparable to that of articular cartilage. The internal fracture behavior and fatigue 
resistance of these biomimetic interpenetrating hydrogels are further investigated. 
These extremely tough and fatigue resistant BM hydrogels may find applications as 
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promising substitutes for load-bearing tissues. 


1. INTRODUCTION 


Strong and tough polymer hydrogels have been pursued for 
decades as candidate materials for tissue replacement and/or 
repair due to their structural, mechanical, and biochemical 
similarities to biotissues.’~* However, it remains a challenge for 
natural or synthetic polymer hydrogels to ideally meet the 
demand in properties and functionalities from natural tissues. 
For load-bearing biotissues, the well-organized structures have 
an important role in their high strength, toughness, fatigue 
resistance, ductility, and/or lubricity, etc.’ For example, 
articular cartilage sustains daily cyclic loading of about 4 MPa 
as well as mechanical friction.” The extracellular matrix (ECM) 
is composed of a well-organized collagen fibril network and an 
interlacing proteoglycan mesh. The proteoglycans are com- 
posed of a long backbone of hyaluronan noncovalently bonded 
with brushlike aggrecan molecules (e.g., chondroitin sulfate and 
keratan sulfate) through link proteins, making supramolecular 
polyelectrolytes with an overall molecular weight of 50—100 x 
10° Da.° The negative charges of aggrecans are critical for fluid 
uptake and immobilization in the ECM. The swelling is 
balanced against the elastic restraint from the collagen network. 
Such strong immobilization of fluids in the collagen matrix 
enables fluid pressurization upon compressive loading, which is 


a major mechanism for cartilage to withstand repeated 
compression over several decades. 

Current strategies to create strong and tough hydrogels are 
largely based on sacrificial bonds that break upon crack 
propagation to dissipate energy.’ Either covalent”® or non- 
covalent bonding” '' has been introduced into hydrogels as 
sacrificial moieties, leading to the fabrication of novel hydrogels 
with superior strength and toughness. For example, double 
network (DN) hydrogels, pioneered by Gong and Osada, 
contain a rigid sacrificial network interpenetrated with an elastic 
and loose second network.”*!* Such DN gels show high 
strength and toughness but are immediately softened due to 
permanent damage of covalent bonds under loading.’ Recently, 
such a double network concept has been advanced by 
introducing noncovalent or dynamic interactions including 
electrostatic interaction,’’ ionic cross-linkers,” "94 hydrogen 
bonding," or supramolecular assembling ™ 516 as sacrificial 
moieties to hydrogels, which are proposed to break upon 
loading to avoid permanent damage of covalent bonds. As a 


result, novel hydrogels with extraordinary strength and 
toughness have been reported. The broken noncovalent 
bonds could be recovered under appropriately controlled 
pH" or elevated temperatures,’ leading to the recovery of 
hydrogel properties after a certain waiting time.” '' However, 
the inherent unstable nature of dynamic association inevitably 
leads to weak mechanical strength after the internal 
fracture.””'> In addition, most of the dynamic bonds decay 
under cyclic loading. Thus, as the noncovalent bonds are 
temporarily damaged, the remaining network of the DN gels 
appears very weak. Their recovery usually takes hours to days 
between cyclic tests'' and requires properly controlled external 
stimulus, which is usually not practical for biotissue substitutes. 
Therefore, it is desirable to develop hydrogels with adequate 
strength, toughness, and fatigue resistance to withstand cyclic 
loading. 

Numerous efforts have developed biomimetic self-assembled 
nanofibrils and their 3D gels that favorably support cell 
adhesion, proliferation, and differentiation, ”! but the 
mechanical strength is far below that of load-bearing tissues. 
It is difficult to further toughen such nanofibrils gels by 
interpenetrating a second polyelectrolyte network. In this work, 
a novel strategy is designed and demonstrated to fabricate 
biomimetic hydrogels composed of a rigid belt network 
interpenetrated with an elastic polyelectrolyte network. The 
rigid belt network is proposed to mimic the collagen matrix, 
which serves as a skeleton for the interlacing elastic 
polyelectrolyte network. 

In this work, we develop a reverse strategy to prepare the 
polyelectrolyte network first, which is subsequently employed 
as the template to prepare the interpenetrating rigid belt mesh. 
For this purpose, a well-established double network (DN) 
hydrogel with negatively charged polyelectrolytes*'?”° is used 
as the template for in situ polymerization of a self-assembling 
conjugated polymer. It is critical that the conjugated polymer is 
positively charged so that the self-assembling conjugated 
polymer chains are confined and guided to form long belts 
within interconnecting channels of the DN gel template. On 
the other hand, similar to the proteoglycans in the collagen 
matrix, the negatively charged polymers in the DN gel, 
particularly after fracturing, provide strong osmotic pressure 
that favors fluid uptake. Meanwhile, the rigid conjugated 
polymer belt skeleton provides strong restraint to the 
interlacing (fractured) polyelectrolyte network. As a result, 
the hydrogels exhibit extraordinary compressive strength, 
toughness, and fatigue resistance against cyclic loadings. 


2. EXPERIMENTAL SECTION 


Materials. 2-Acrylamido-2-methylpropanesulfonic acid (AMPS, 
98%) was purchased from A Johnson Matthey Company. N,N’- 
methylenebis(acrylamide) (MBAA, 99.0%), potassium persulfate 
(KPS, A.R.) and acrylamide (AAm, A.R.) were supplied by Aladdin 
Chemistry Co, Ltd. 3,4-Ethylenedioxythiophene (EDOT, 99%), ferric 
nitrate (Fe(NO,),-9H,O, A.R.) and ethanol (EtOH, A. R.) were 
bought from Sinopharm Chemical Reagent Co. Ltd. Poly(sodium 4- 
styrenesulfonate) (NaPSS, M,, = 70,000) were obtained from Acros 
Organics. FITC-Phalloidin (90%) were purchased from Sigma-Aldrich. 
All the chemicals were used as received. 

Experiment. DN Gel Synthesis. The parent double network 
hydrogels were synthesized through sequential free-radical polymer- 
ization as reported before.” Briefly, an aqueous solution of 1 M AMPS 
monomer containing 4 mol % cross-linking agent MBAA and 0.1 mol 
% initiator KPS with respect to AMPS was bubbled and injected into a 
mold composed of a pair of glass plates with a 1.2 mm thick silicon 


rubber spacer. The mold was heated at 60 °C for 10 h to form the first 
PAMPS network. Subsequently, the PAMPS hydrogel was immersed 
in the aqueous solution of 3 M AAm monomer, containing 0.01% 
MBAA and 0.01% KPS to AAm, for 24 h. The AAm-swollen PAMPS 
gel was polymerized at 60 °C for 10 h. The DN gel was then immersed 
in a large amount of deionized water for 1 week to remove residual 
monomers. 

Preparation of the EDOT/NaPSS Emulsions. The EDOT/NaPSS 
emulsion was prepared by quickly adding the EDOT solution in 
ethanol (volume ratio = 1:10) into a 0.05 M NaPSS aqueous solution 
under vigorous stirring at ambient temperature. Herein, the EDOT 
concentration was varied from 0.03, 0.059, 0.078, 0.094, 0.111 to 0.135 
M while the NaPSS concentration was constant in the emulsions. 

Synthesis of PEDOT/PAMPS/PAAm BM Hydrogel. The parent DN 
hydrogels were first swollen in the EDOT/NaPSS emulsion under 
constant stirring for 24 h to ensure the absorption of emulsions. Then, 
the EDOT/NaPSS emulsion-swollen DN gels were immersed in an 
excess amount of 1.78 M Fe(NO;), solutions at 25 °C to redox 
polymerize the EDOT, leading to the formation of a black hydrogel in 
30 min. Finally, the resulted gels were immersed in distilled water for 1 
week, with the water being changed every 24 h to remove the free 
substances. 

Characterization. Raman Spectroscopy. The hydrogels as well as 
the PEDOT belt particles were freeze-dried and compressed into 
smooth sheets for scanning by using a Renishaw inVia Reflex 
microspectrometer with an excitation wavelength of 532 nm in 
dynamic mode from 0 to 3200 cm™ at a resolution of 1 cm™. 

Scanning Electron Microscopy. The freeze-dried aerogels were 
plunged into liquid nitrogen and ruptured. The fresh cross sections 
were sputter coated with a thin layer of platinum for scanning with a 
Hitachi $4800 scanning electron microscope (Tokyo, Japan) at 15 kV. 

Confocal Laser Scanning Microscopy. The as-synthesized BM and 
DN gels were cut into 20 X 10 mm? sheets, rinsed with PBS buffer 
solution for three times, and stained with 40 wL of phalloidin (FITC- 
Phalloidin, 5 g/mL) for half an hour, followed by PBS rinse for three 
times. The samples were carefully protected from light throughout the 
whole staining process. Then the stained hydrogels were imaged by 
using a confocal laser scanning microscope (CLSM, Leica TCS SPS, 
Germany) with an exciting wavelength of 488 nm in the single tunnel 
mode. 

Tensile Tests. The BM and DN gels were cut into dumbbell-shaped 
specimens according to ASTM D638 (overall length: 64 mm, width: 6 
mm, gauge width: 1.69 mm, gauge length: 25.4 mm, thickness: 4—6 
mm) for uniaxial tensile tests at a crosshead speed of 100 mm min™! 
with an Instron 5567 machine (Instron Corporation, MA). Cyclic 
tensile tests with a maximum strain of 300% were recorded on the 
specimens at the same crosshead speed. The nominal tensile stress was 
calculated as o, = Load/t-w (t and w represent the initial thickness and 
inner width of the dumbbell samples, respectively). The tensile strain 
(€,) is defined as the change in the elongation length relative to the 
initial gauge length while the fracture tensile strain (€,,) and stress 
(Cp) are the corresponding values of the point at which the sample 
breaks. Three samples were tested for each hydrogel. 

Compression Tests. Cylindrical specimens (4—6 mm height and 9 
mm diameter) equilibrated in distilled water were compression tested 
at 10% strain/min with the Instron $567 machine to predetermined 
maximum strains. Moreover, cyclic loadings with a progressive strain 
increment of 15% from 30% to 90% were conducted at a constant 
crosshead speed of 10%/min in a consecutive mode without intervals 
to reveal the hysteresis feature of the hydrogels. Specimens were first 
compressed to 30% strain and then immediately unloaded with no 
intermission. Then, consecutive loading—unloading cycles with a 
progressive gradient strain increment of 15% were conducted to the 
same sample until the maximum 90% strain. To further study their 
hysteresis behavior, hydrogel specimens were loaded to series of 
predefined maximum strain for multiple successive cycles (4—10 
cycles). The predefined maximum strains were 30%, 45%, 60%, 75%, 
and 90%. All hydrogel samples were blotted with a filter paper before 
testing, and three specimens per hydrogel were tested. 


Scheme 1. Schematic Illustration of the Synthesis of Biomimetic Hydrogels with Self-Assembled PEDOT Belts through in Situ 
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“(a) A parent PAMPS double network hydrogel is used to host the emulsion of 3,4-ethylenedioxythiophene (EDOT), which is redox polymerized 
within the DN gel channels, leading to the formation of an entangled PEDOT belt network (b). Upon loading, the PAMPS network fractures into 
fragments linked by the ultralong PAAm chains, yielding a polyelectrolyte network interlacing with the rigid PEDOT belt mesh (c). The PEDOT 
belts are composed of self-assemblies of PEDOT chains through 2—z stacking (d). 


The engineering compressive stress (o,) was calculated as o, = 
Load/nR’, where R is the original radius of the cylindrical specimen. 
The engineering strain (€.) under compression is defined as the 
change in height (h) relative to the original height (họ) of the 
freestanding specimen, €, = 100% X (hy — h)/hg. Stress and strain 
between £. = 0 and 0.1 were used to calculate the initial elastic 
modulus. The compressive toughness (Ucr) is defined as 


where F is the compressive load and s is the compressive displacement 
to the corresponding strain. The hysteresis energy ( Unyst) is defined as 


Sloading Sunloading 
F ds — f F ds 
k i 


aR 


Uhyst = 


where F is the compressive load and s is the compressive displacement 
to the corresponding strain. 

Swelling Measurements. Cylindrical specimens were precom- 
pressed along their axis to a maximum 60% strain at 10% strain per 
min for 0, 1, or 2 cycles. Then the samples were vacuum-dried at 60 
°C for 24 h. The dried gels were immersed in DI water at ambient 
temperature to reach equilibrium. The swelling ratio (SR) was 
calculated as, SR = (W, — W4) X 100% / Wy where W, and W, denote 
the weights of the swollen hydrogels and the corresponding dried 
hydrogels, respectively. 


3. RESULTS AND DISCUSSION 


Preparation of the BM Hydrogel. To create the 
biomimetic hydrogel, a parent PAMPS/PAAm DN hydrogel 
was first synthesized through a sequential free radical 
polymerization of aqueous solution of AMPS, KPS, and 
MBAA, followed by polymerization of AAm in the obtained 
PAMPS network.” The DN hydrogel was then immersed in 
an emulsion of 3,4-ethylenedioxythiophene (EDOT) in ethanol 
in the presence of sodium polystyrenesulfonate (NaPSS) under 
stirring. After 24 h, the emulsion was thoroughly dispersed into 
the DN gel (Scheme la). Subsequent redox polymerization of 
EDOT was initiated by the addition of Fe** into the emulsion 
(Scheme 1b), leading to the formation of conjugated poly(3,4- 
ethylenedioxythiophene) (PEDOT) within the DN hydrogel. 

The in situ formation of PEDOT inside the hydrogel led to a 
volume shrinkage, with the water content decreasing from 90.9 
+ 0.9% (DN) to 88 + 0.4% (BM-111 mM). Usually, the 
conjugated PEDOT chains self-assemble into lamellae via 7—7 
stacking (Scheme 1d).* These self-assembled lamellae from 
PEDOT-NaPSS solutions are irregular (Figure la) and carry 
positive charges due to the redox polymerization and doping.” 
In contrast, with the presence of DN gel, the electrostatic 
interactions between the negatively charged PAMPS chains and 
the PEDOT chains (Scheme 1c) may regulate the self- 
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Figure 1. SEM images of PEDOT lamellae (a) and belts (b) 
synthesized without and with the presence of double network 
hydrogels. (c) CLSM image of a PEDOT network in situ synthesized 
within the double network hydrogel, where the PEDOT belts were 
selectively stained with FITC-phalloidin (green). (d) SEM image of 
the cross section of the freeze fractured PEDOT/PAMPS/PAAm 
hydrogel. The EDOT feeding concentration was 111 mM for all 
samples. 


assembling of PEDOT chains along the interconnecting 
channels inside the porous PAMPS/PAAm network, leading 
to the formation of PEDOT belts (Scheme 1b). It is evident 
that millimeter long PEDOT belts were obtained on top of the 
PAMPS/PAAm DN gel (Figure 1b). In order to reveal the 
formation and distribution of the PEDOT belts inside the DN 
gel, the PEDOT/PAMPS/PAAm hydrogel was stained with 
FITC-phalloidin that selectively stains the PEDOT chains 
(Supporting Information (SI), Figure Sla) rather than the 
PAMPS/PAAm network (Supporting Information, Figure 
S1b), for observation with a confocal laser scanning microscope 
(CLSM). Entangling green PEDOT belts at a millimeter length 
scale are evidently recognized to be interpenetrating through- 
out the host PAMPS/PAAm network (Figure 1c). We have 
further freeze-fractured such hydrogels and observed extensive 
adhesion of the porous PAMPS/PAAm networks (SI Figure 
S2a) onto the surface of PEDOT belts (Figure 1d, SI Figure 
S2b). There are dense adsorbed layers within about 50—100 
um from the PEDOT belt surface. The pore size is much 
smaller than those in bulk and gradually increases toward the 
bulk. Such gradient structures may enable synergistic transfer of 
load and energy between the PAMPS/PAAm network and the 
PEDOT belt network under loading. 

Raman Spectra. Raman spectroscopy was used to 
investigate the synthesis of PEDOT belts and BM gels. From 
the Raman spectrum of the double network gel (black line, 
Figure 2), the band intensities are very weak compared with 
specimens containing PEDOT. The band at 476 cm™' is 
assigned to the SO, bending~* of the PAMPS network while 
the broad bands at 1327 and 1457 cm™! are related to the C-N 
stretching and NH, bending of the PAAm.” As for the BM 
samples, characteristic bands of PEDOT are evidently 
recognized according to the spectrum of pure PEDOT belts 
(red line, Figure 2), while the band intensities of PEDOT in the 
BM gel are largely enhanced (blue line, Figure 2). Specifically, 
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Figure 2. Raman spectrum of the double network gels, PEDOT belts, 
and BM gels (from the bottom to the top). The EDOT feeding 
concentration was 111 mM. 


the split bands at 1436 and 1456 cm™' correspond to the 
symmetric stretching mode of the aromatic C, = Cp, and the 
asymmetric C, = Cy stretching band is located at 1570 an 
Bands at 1523 and 1253 cm are related to the antisymmetric 
Cg—Cg stretching deformation and antisymmetric C,—C, 
stretching deformation.” The bands at 1368 and 1312 cm™ 
represent the antisymmetric C,—C, stretching deformation.” 
Those bands at 990 and 576 cm™' may be ascribed to 
oxyethylene ring deformation, while the other two bands at 
702 and 439 cm™! may be assigned to the symmetric C-S—C 
deformation and SO, bending. ü 

Tensile Property of the BM Hydrogel. We have 
systematically performed tensile and compression tests on the 
hydrogels with different EDOT concentrations. Here, for the 
synthesis of parent DN gels, the contents of initiator KPS and 
cross-linking agent MBAA were about 0.01 mol % of AAm 
monomer so that the chains are sparsely cross-linked according 
to the literature.” Upon uniaxial tensile tests, it is important 
that necking, yielding, and strain hardening are observed on the 
stress—strain curves for the BM and DN gels. The BM gels 
showed higher Young’s moduli (E,) than those for DN gels. 
The fracture strain was reduced from ~1000% for DN gels to 
~600% and ~400% for BM gels with increasing PEDOT 
content (Figure 3a), while the fracture stress remained almost 
constant (~700 kPa). The outstanding ductility of DN gels 
roots from the high elasticity of the PAAm chains after the 
fracture of the rigid PAMPS skeleton. In the BM gels, in 
contrast, the PAMPS/PAAm network was adhered onto the 
rigid PEDOT belt mesh (Figure 1d), which strongly restrained 
the fractured PAMPS/PAAm network and dominated the 
tensile deformation. 

Cyclic uniaxial tensile tests were further performed to 
examine the energy dissipation of the PEDOT/PAMPS/ 
PAAm (BM) gels. The hysteresis loop of BM gels at the first 
cycle at a maximum strain of 300% (Figure 3b) is much larger 
than those for the DN gel (Figure 3c). However, subsequent 
loading and unloading curves overlapped for both BM and DN 
gels, indicating no energy dissipation after the damage of the 
PAMPS network. There are no additional sacrificial bonds to 
dissipate energy upon cyclic loadings. The BM gels with 
internal fracture appear rubbery with increased modulus and 
immediate full recovery to its initial shape. The latter indicates 
the excellent elasticity of the PEDOT belt network skeleton 
that defines the recovery property of the BM hydrogel although 
the PAMPS network has fractured. 
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Figure 3. (a) Representative uniaxial tensile stress—strain curves of PAMPS/PAAm DN and PEDOT/PAMPS/PAAm BM hydrogels. Representative 
cyclic tensile stress—strain curves of (b) PEDOT/PAMPS/PAAm biomimetic (BM) hydrogels and (c) the parent double network (DN) hydrogels 
at a maximum strain of 300%. The EDOT feeding concentrations were 78 mM and 135 mM in (a) and 135 mM in (b). 
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Figure 4. (a) Representative compressive loading—unloading curves of DN and BM with different formulations. (b) The effect of EDOT feeding 
concentration on the compressive stress at 98% strain (Gggg) and Young’s modulus. 


Table 1. Compressive Properties of the Hydrogels Prepared with Different Formulations 


sample code EDOT feed conc (mol/L) Young’s modulus (kPa) 0095 (MPa) Oog (MPa) compressive tougness (J m°) 
DN gel 0 114 + 37 15.8 + 0.87 48.6 + 5.50 9655 + 1192 
BM I 0.030 161+ 18 40.1 + 1.75 81.6 + 0.93 16836 + 370 
BM II 0.089 162 + 23 42.3 + 3.09 80.5 + 0.22 17980 + 868 
BM III 0.078 306 + 8 25.3 + 0.15 57.6 + 3.79 11211 + 585 
BM IV 0.094 292 + 37 26.7 + 0.75 $9.8 + 2.85 12352 + 423 
BM V 0.111 313 + 11 32.7 + 0.50 71.3 + 1.64 12986 + 573 
BM VI 0.135 335 + 21 35.3 + 0.45 76.1 + 2.22 14559 + 1042 
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Figure 5. (a, b) Typical consecutive loading—unloading curves with gradient increases in maximum strain on DN (a) and BM-111 mM (V) (b) 
hydrogels. 


Compressive Properties of the BM Hydrogel. Uncon- fractures were observed up to a compressive strain (€,) of 98% 
fined compression tests demonstrated superior strength and and a stress (099g) up to above 80 MPa, in contrast to the 
toughness of BM gels beyond those for the parent DN gels. No fracture strain (ep) of 97% and stress (o;) of 37 MPa for the 
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Figure 6. Cyclic compressive loading—unloading curves and hysteresis energy of the BM-111 mM (V) and DN hydrogels. (a) Representative cyclic 
loading—unloading curves of DN and BM hydrogels for up to four cycles. (b) The hysteresis energy of BM gels decays with increasing loading cycles 


and approaches a plateau value of about 1000 J m~? 


, in comparison to that for DN gels. (c) The hysteresis loops of BM gels at the fourth loading 


cycle at different maximum strains. (d) The plateau hysteresis energy keeps an exponential dependence on the maximum strain even at the 4th cycle. 


parent DN gels (Figure 4a). With increasing EDOT feed 
concentration, the yo, value was increased to above 70 MPa, 
and the Young’s modulus (E.) was almost monotonically 
increased from 114 kPa for DN gel to 335 kPa for BM gel 
(Figure 4b). The Gggg values are much higher than the fracture 
stress of cartilage, while the Young’s moduli are similar to that 
of articular cartilage (310-850 kPa).°° Moreover, the 
compressive toughness of the BM gels at 98% strain was 
ranging from 11211 + 585 J m`? to 17980 + 868 J m”, 
depending on the EDOT feed concentration, which is higher 
than 9655 + 1192 J m™? for DN gel (Table 1.). These values 
are more than ten times the fracture toughness of cartilage 
(~1000 J m7?).** 

Fatigue Resistance of the BM-111 mM (V) Hydrogel. 
We first investigated the recovery or fatigue resistant behavior 
of the BM gels, in comparison to that of the parent DN gel, by 
consecutive loading—unloading tests with gradually increasing 
compressive strain from 30% to 45%, 60%, 75%, and 90% 
(Figure Sa and b). For the parent DN gels subject to loading, 
the PAMPS network experiences gradual internal damage upon 
cyclic loading—unloading curves with increasing maximum 
strain (€m). As a result, the immediate consecutive loading 
curves with increasing strain overlap the previous unloading 
curves (Figure Sa and SI Figure S3) as € < E€» Further 
deformation with £ > £m led to an abrupt increase in stress due 
to the deformation and fracture of the residual PAMPS 
network. All these loading—unloading curves overlap to the 
hysteresis loop at € = 90% (Figure Sa). In contrast, for the BM 
hydrogel experiencing two sequential loading—unloading 
cycles, the second loading curves toward a higher strain deviate 
beyond the previous unloading curves (Figure Sb, SI Figure 
S4), although the PAMPS network was damaged in the BM gel. 
Therefore, the first loading curve is a sum of the fracturing 
PAMPS network and the interlacing PEDOT mesh. Upon the 


second loading, the electrostatic interaction between the 
PEDOT belts and the fractured PAMPS fragments linked 
with elastic PAAm chains may enable synergistic energy 
dissipation. Upon unloading, the BM gels immediately recover 
their initial length, indicating excellent elasticity and no 
significant detachment of the PAMPS/PAAm network from 
the PEDOT belt mesh. 

The fatigue resistance of the BM hydrogels was then 
systematically investigated by performing cyclic loading— 
unloading compressive tests at a constant strain. Figure 6a 
compares four immediate consecutive loading—unloading 
curves of BM and DN gels. The BM gel shows a larger 
hysteresis loop than DN upon the first loading to 90% strain. In 
subsequent loading cycles, the hysteresis loop of BM gel 
becomes smaller (Figure 6a), while those for the DN gel appear 
negligible, due to the permanent damage of the PAMPS 
network. Upon subsequent loadings, the stress at 90% strain 
(60.90) of BM gels slightly decays from 10.6 MPa for the first 
loading to 9.8, 9.3, and 9.0 MPa for the second, third, and 
fourth runs (Figure 6a inset). With up to ten loading cycles, the 
BM gels still show compressive stress of about 9 MPa at 90% 
strain. The hysteresis energy, or the loop area, decreases from 
about 3700 J m~ for the first run to about 1250 J m~? for the 
second cycle at 90% strain (Figure 6b). With more cycles, the 
loop area remains a plateau value of around 1000 J m~ (Figure 
6b), in contrast to the negligible values of DN gels (less than 
100 J m~’, Figure 6b). According to the tensile test results, the 
BM gels become rubbery with the PAMPS damage (Figure 3b) 
and no detachment of PAMPS/PAAm from PEDOT belts 
occurs according to the full and immediate recovery of the BM 
gels upon unloading. The energy dissipation upon compressive 
cyclic loadings is likely attributed to the pressurization of fluid 
imbibed and immobilized in the restrained polyelectrolyte 
network. The constant high hysteresis energy upon cyclic 


Table 2. Hysteresis Energy of the Hydrogels Undergoing Cyclic Loadings with Series of Predefined Maximum Strains (30%, 


45%, 60%, 75%, and 90%) for 4 Cycles 


Enys m?) cycle 30% 45% 

DN gel 1 7.8 + 4.6 58.1 + 9.1 
2 2.9 + 0.9 9.5 + 1.0 
3 2.6 + 0.9 7.9 + 0.2 
4 2.3 + 0.5 7.3 + 0.9 

BM (V) gel 1 14.2 + 3.5 106.2 + 19.1 
2 10.2 + 2.2 40.4 + 7.5 
3 9.2 + 2.2 35.9 + 7.2 
4 8.3 +21 33.0 + 6.7 


loadings demonstrates the excellent fatigue resistance*”*? of the 
BM hydrogels. To the best of our knowledge, this is the first 
hydrogel showing such a high fatigue resistance without a need 
to restore its chemical or physical structures under appropri- 
ately controlled conditions. 

Furthermore, cyclic loading tests were performed at a series 
of predefined maximum strains of 30, 45, 60, 75, and 90%. With 
more cycles, the stress and loop area at these predefined 
maximum strains (Figure 6a, SI Figure SS) all decay to plateau 
values. Figure 6c shows the representative fourth cycle loops 
with different maximum strains (30-90%). The loop areas are 
evidently recognized to increase with the increment of strain 
(Figure 6c). The loop areas or hysteresis energy values are 
summarized in Table 2. Interestingly, these plateau values 
showed an exponential dependence upon strain with an R? 
value of 0.995, indicating a self-toughening behavior of the 
synergistic network at high strain, which is not seen in the DN 
case (Figure 6d). Most importantly, this self-toughening effect 
almost remains unchanged during cyclic loadings. This 
phenomenon has never been reported before for any strong 
and tough hydrogels based on energy dissipation via the 
decomposition of covalent or noncovalent sacrificial bonds. We 
believe that the fluid pressurization should account for this 
behavior, which has been playing a critical role in cartilages. 
This is important to applications for replacement of load- 
bearing tissues. 

Swelling Property of the BM-111 mM (V) Hydrogels. 
The internal fracture and fluid pressurization behavior of those 
BM hydrogels were further investigated by the reswelling 
experiments of compression-tested gels. All the hydrogels show 
a steady increment in swelling ratio over time until equilibrium 
(Figure 7). In DN gels, the fractured PAMPS fragments linked 
with ultralong PAAm chains provide a strong osmotic pressure 
to swell the once damaged DN gel, leading to an increase of the 
equilibrium swelling ratios from 11.7 + 1.4, to 13.3 + 0.5, and 
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Figure 7. Reswelling of DN and BM-111 mM (V) hydrogels after 0, 1, 
and 2 cycles of compressive loading—unloading tests at a strain of 60%. 


60% 75% 90% 
279.8 + 13.1 780.1 + 53.0 2141.3 + 131.6 
22.0 + 1.1 35.4 + 5.6 135.1 + 9.6 
17.9 + 1.3 28.1 + 3.8 110.9 + 20.7 
16.0 + 1.1 25.6 + 3.9 106.7 + 22.8 
396.8 + 17.6 1124.3 + 35.9 3726.3 + 27.4 
121.6 + 12.7 302.7 + 15.5 1310.5 + 153.3 
108.3 + 10.7 272 + 17.8 1143.3 + 144.9 
99.9 + 9.9 254.4 + 19.3 1108.3 + 131.6 


16.3 + 0.8 with more compressive cycles (Figure 7). For the 
BM gels after cyclic loadings, the rigid PEDOT belt mesh is 
interlaced with PAMPS fragments that are connected with 
elastic ultralong PAAm chains (~10° Da).””? Since the 
PAMPS/PAAm network is strongly attached on the PEDOT 
belts (Figure 1d), the PEDOT belt mesh strongly restrains the 
swelling of the internal fractured hydrogel, as driven by the 
osmotic pressure from the fractured PAMPS polyelectrolyte. As 
a result, the BM gels show much smaller swelling ratios (6.0— 
6.3) and shorter swelling time than the DN gels (Figure 7). In 
addition, no significant changes (within 5%) in the equilibrium 
swelling ratio are observed after cyclic compressive tests 
(Figure 7). This restraining effect, similar to the collagen 
network of cartilage ECM, may offer strong immobilization of 
imbibed fluid. No excluded water was observed under cyclic 
compressive tests. Moreover, this structure is similar to the 
entangled collagen fiber networks with ultralong supra- 
molecular proteoglycans (~50—100 x 10° Da) in cartilage 
ECM, which plays a critical role in fluid pressurization of 
articular cartilage to provide mechanical support.® 

Noncovalent interactions have been demonstrated to be 
effective in creating tough and resilient hydrogels. In particular, 
the combination of double network hydrogels with strong 
electrostatic interactions’? or supramolecular assembling’® has 
led to novel tough hydrogels recoverable after internal damage. 
The presence of polyelectrolytes (particularly biopolyelectro- 
lytes) has been demonstrated to be critical for the high water 
content and toughness of polymer hydrogels.** Moreover, the 
recovery of hydrogels is important for applications to 
replacement of load-bearing tissues. In most cases, however, 
the recovery from mechanical or structural damages is slow and 
requires strict control of conditions such as pH’ or 
temperature.” ° Most load-bearing tissues (e.g., ligaments and 
articular cartilage) work under continuous loading—unloading 
conditions. It is thus important to create tough hydrogels with 
extraordinary fatigue resistance and immediate recovery. 

The hydrogels with an interpenetrating resilient PEDOT belt 
network exhibited extraordinary fatigue resistance, together 
with high strength and toughness. The electrostatic adsorption 
of polymer chains onto the PEDOT belts enables effective 
energy transfer between the belt network and the fractured 
PAMPS/PAAm network. Although a complete mechanism 
scenario in such BM gels still needs more detailed investigation, 
the physical PEDOT belts are carefully designed to serve as a 
highly resilient but rigid skeleton interlaced and connected with 
the fractured PAMPS fragments. Such a structure is highly 
similar to the cartilage ECM composed of a well-organized 
collagen fibril network interpenetrated with negatively charged 
polyglycans. The balanced swelling and constraint from such a 
biomimetic structure may be a major cause of the fluid 


pressurization of the hydrogels created in this work. Upon 
compressive loading, the pressurization of imbibed water offers 
the mechanical strength, while the strain recovers rapidly with 
negligible delay upon unloading. 


4. CONCLUSION 


In summary, novel biomimetic hydrogels have been fabricated 
through in situ synthesis and guided assembling of positively 
charged PEDOT belts by using a parent DN gel as the 
template. The electrostatic interaction of PEDOT belts with a 
negatively charged PAMPS host network may account for the 
formation of an interpenetrating network in the well- 
established PAMPS/PAAm network. Moreover, such BM gels 
are able to recover adequately during cyclic loading—unloading 
tests. The strong adhesion of PAMPS/PAAm chains, even after 
fracturing, to the PEDOT belt surface is critical for the uptake 
and pressurization of fluid, which offers extraordinary resilience 
and fatigue resistance with the hydrogels. These novel tough 
and fatigue resistant hydrogels may serve as substitutes for load- 
bearing tissues. 
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